Antiretroviral nucleoside analogs used in highly active antiretroviral therapy (HAART) are associated with cardiovascular and other tissue toxicity associated with mitochondrial DNA depletion, suggesting a block in mitochondrial (mt)-DNA replication. Because the triphosphate forms of these analogs variably inhibit mt-DNA polymerase, this enzyme has been promoted as the major target of toxicity associated with HAART. We have used isolated mitochondria from rat heart to study the mitochondrial transport and phosphorylation of thymidine and AZT (azidothymidine, or zidovudine), a component used in HAART. We demonstrate that isolated mitochondria readily transport thymidine and phosphorylate it to thymidine 5'-triphosphate (TTP) within the matrix. Under identical conditions, AZT is phosphorylated only to AZT-5'-monophosphate (AZT-MP). The kinetics of thymidine and AZT suggest negative cooperativity of substrate interaction with the enzyme, consistent with work by others on mitochondrial thymidine kinase 2. Results show that TMP and AZT-MP are not transported across the inner membrane, suggesting that AZT-MP may accumulate with time in the matrix. Given the lack of AZT-5'-triphosphate (AZT-TP), it seems unlikely that the toxicity of AZT in the heart is mediated by AZT-TP inhibition of DNA polymerase g. Rather, our work shows that AZT is a potent inhibitor of thymidine phosphorylation in heart mitochondria, having an inhibitory concentration (IC) 50 of 7.0 ± 0.9 µM. Thus, the toxicity of AZT in some tissues may be mediated by disrupting the substrate supply of TTP for mt-DNA replication.
Introduction
Zidovudine (3'-azido-3'-deoxythymidine, AZT) is a thymidine analog pro-drug that is phosphorylated in the host to AZT-triphosphate, which functions by inhibiting viral reverse transcriptase. The drug was the first to be approved for the treatment of acquired immune deficiency syndrome (AIDS) and is still part of the highly active antiretroviral therapy (HAART) regimen used in the present treatment of AIDS. However, the utility of the drug has been limited because of its mitochondrial toxicity. In early reviews of toxicity, when AZT was given alone in high doses (1000 mg or more), 21% of AIDS patients developed hematological disorders related to depressed synthesis of blood components, and 15-20% developed a mitochondrial myopathy (myalgia, fatigue, weakness, and ragged red fibers) or dilated cardiomyopathy leading to congestive heart failure (1,2). These side effects were caused by longterm AZT treatment and were not caused by the AIDS disorder (1, 2) . Discontinuing the drug usually resulted in amelioration of the side effect. With the advent of HAART, AZT is now used in much lower doses as one component of AIDS therapy, and heart and muscle toxicity associated with AZT is now relatively rare; however, gastrointestinal and hematological toxicity is still observed (3) . The prevailing hypothesis for AZT toxicity is the inhibition of mitochondrial DNA polymerase g by AZT-5'-triphosphate (TP) (4) (5) (6) (7) (8) (9) . Because only mitochondrial biogenesis is affected, long-term treatment with AZT is required before mitochondria are depleted enough to significantly reduce ATP synthesis. This might have a more rapid time-course in mitotic versus nonmitotic tissue. Long-term inhibition of mitochondrial DNA replication and thus biogenesis is suggested by a marked decrease in mt-DNA in muscles from AZT-treated AIDS patients with myopathy (4); decreased DNA replication in isolated mitochondria in response to long-term AZT treatment (5); decreased mt-DNA in tissues from animals treated with AZT (6); and finally, direct inhibition of purified DNA polymerase g by AZT-TP (IC 50 = 100-200 µM) and AZT-MP (IC 50 = 2-3 mM) (7) (8) (9) . In summary, there is a strong correlation between mitochondrial DNA depletion and AZT toxicity. However, the data that suggest that DNA depletion is mediated by AZT-TP inhibition of DNA polymerase g is not as compelling. At least one group studying purified DNA polymerase g reported that although the kinetics of AZT-TP on the enzyme were complex, the simplest interpretation of their results was that AZT-TP was not an inhibitor of the purified polymerase (10) . The case is further weakened by the lack of evidence that AZT-TP ever reaches levels (>100 µM) in the mitochondrial matrix of cells consistent with inhibition (11, 12) . This "bottleneck" of AZT activation has been well described and is caused by the fact that AZT-MP is not a very good substrate for cytosolic thymidylate kinase (13) .
It is perhaps more likely that AZT-MP is the toxic product that inhibits DNA polymerase g, even though it has a >20-fold higher IC 50 . AZT-MP levels are usually much higher than AZT-TP levels in cells and AZT-MP levels in the mM range have been reported in cultured cells (14) , although not necessarily in the mitochondrial matrix. Levels of phosphorylated AZT intermediates have not been reported in postmitotic tissues such as the heart.
Other in vitro work has demonstrated that AZT toxicity is more complex, with events occurring in some cells before any significant depletion of mt-DNA. These events include an inhibition of oxidative phosphorylation in Friend murine erythroleukemic cells (15) , inhibition of adenylate kinase, and inhibition of the ADP/ATP translocator (3).
Postmitotic tissues obtain all of their deoxynucleotides by transport of deoxynucleosides across the plasma membrane with phosphorylation and salvage occurring within cells. The most important reactions in ribonucleoside salvage appear to involve the base rather than the nucleoside (base sugar) and use cytosolic phosphoribosyl transferases such as hypoxanthine-guanine phosphoribosyl transferase to generate the monophosphates. This is not a viable route for deoxynucleosides, as the substrate for the transferases (PRPP) is not a deoxy sugar. For deoxynucleosides, the first phosphorylation reaction is irreversible and usually the rate-limiting reaction. It is catalyzed by deoxyribonucleoside kinases (for review, see ref. 16). Four enzymes specific for salvage of deoxynucleosides have been characterized, cloned, and sequenced from a variety of mammalian species, including humans. Two enzymes are cytoplasmic: deoxycytidine kinase (dCK), which phosphorylates deoxycytidine, deoxyadenosine, and deoxyguanosine; and thymidine kinase 1 (TK1), which phosphorylates thymidine and deoxyuridine. The other two enzymes are mitochondrial: deoxyguanosine kinase (dGK), which phosphorylates deoxyadenosine, deoxyguanosine, and deoxyinosine (17); and thymidinekinase 2 (TK2), which phosphorylates thymidine, deoxyuridine, and deoxycytidine (18) . With these four enzymes, it is possible to generate all four of the naturally occurring deoxynucleoside monophosphates in either the cytoplasm or the mitochondria. Of these four enzymes, the level of TK1 is regulated by the cell cycle and is expressed mostly at the G1/S bound-ary (16) . The other three enzymes appear to be constitutively expressed in most tissues and reflect mitochondrial levels. Once the deoxynucleoside monophosphates are formed, they can take part in two different reactions. They can be cleaved back to the deoxynucleoside by 5'-nucleotidases that are located in both the cytoplasm and the mitochondria (19), or they can be phosphorylated again to the diphosphate via nucleoside monophosphate kinases (NMPKs) that appear to function with both ribo-monophosphates and deoxyribo-monophosphates. The NMPK enzymes have been recently reviewed (20) and include thymidylate kinase (TMPK), which phosphorylates TMP and dUMP; uridylate-cytidylate kinase, which phosphorylates UMP, CMP, and dCMP with high efficiency, and dUMP, AMP, and dAMP with lower efficiency; several guanylate kinases that phosphorylate GMP and dGMP; and five adenylate kinases, all of which phosphorylate AMP and several kinases (AK3 and AK5) that phosphorylate dAMP. Of this group of monophosphate kinases, only AK3 and AK4 are known to be mitochondrial; the others are either clearly cytosolic or assumed to be cytosolic from sequence analysis. Cytosolic TMPK appears to be regulated by the cell cycle like TK1 (20) and is the only enzyme of this group that has been reported to phosphorylate AZT-MP, although not very efficiently (13) . Finally, the addition of the third phosphate is a function of nucleotide diphosphate kinases (NDPKs) that are present in the cytosol and in the inner membrane space and matrix of the mitochondria (21) . The NDPKs use ATP as a phosphate donor to phosphorylate a wide spectrum of nucleotide diphosphates.
The phosphorylation of thymidine and AZT in mitotic cells is initiated by cytoplasmic TK1 followed by a cytosolic TMPK and an NDPK to TTP and AZT-TP. Once formed in the cytosol, the triphosphates can be transported into the matrix on an inner membrane transporter specific for deoxynucleotide triphosphates (22) . However, in postmitotic tissues such as the heart, TK1 is not expressed (16) and AZT and thymidine must be transported across the mitochondrial inner membrane and phosphorylated by the mitochondrial matrix TK2 (23) . Thus, TMP and AZT-MP are produced in the matrix in tissues such as the heart. At this point, little is known concerning subsequent steps. The monophosphates could be transported out of the matrix and phosphorylated by a continuation of the cytosolic pathway, or could be further phosphorylated to the triphosphate in the matrix, or both. Neither of these activities has been previously described.
While cardiovascular toxicity of AZT in its present use in HAART is relatively rare, it is nevertheless crucial to understand the primary target of toxicity of AZT in developing new drugs. The goal of the present work is to characterize the phosphorylation pathway for thymidine and the thymidine analog AZT in isolated rat heart mitochondria. We will demonstrate that [ 3 H]-thymidine is phosphorylated to labeled TMP, thymidine 5'-diphosphate (TDP), and TTP in the matrix of isolated rat heart mitochondria, implying the expected activity of TK2 and NDPK as well as a previously undescribed matrix TMPK activity. Under the same conditions, [ 3 H]-AZT was converted by isolated heart mitochondria to the monophosphate form only, demonstrating that AZT-MP is not a substrate for the matrix TMPK. Evidence will be presented demonstrating that TMP and AZT-MP are not readily transported across the inner mitochondrial membrane and thus cannot be substrates for the cytosolic form of TMPK, which may not be expressed in heart at all. This result provides strong evidence that the toxicity of AZT noted in the adult rat heart is not likely to be mediated by AZT-TP inhibition of polymerase g and rather must be mediated either directly by AZT, or perhaps by AZT-MP, which appears to slowly accumulate in the matrix.
AZT was originally developed as a chemotherapeutic agent and was later found to be useful in AIDS treatment. As such, AZT is not a natural substrate for the salvage pathway enzymes, and because the mitochondrial pathway appears to be required for TTP synthesis in the heart, we have developed an alternative hypothesis of AZT toxicity. We will demonstrate that AZT is a potent inhibitor of the thymidine salvage pathway, disrupting the synthesis of TTP that supplies mitochondrial DNA replication. Recent work has shown that an inherited deficiency in TK2 leads to a severe myopathic mitochondrial deletion disease, clearly illustrating the importance of this enzyme in TTP synthesis and DNA replication (24) . The present study offers direct evidence that impaired mitochondrial pyrimidine metabolism is also a player in the complex process of mitochondrial toxicity associated with AZT.
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Materials and Methods

Isolation and Incubation of Rat Heart Mitochondria
Tightly coupled mitochondria were isolated from hearts of control rats (Harlan Sprague Dawley) exactly as described previously (25) . Intactness was monitored with an oxygen electrode by determining the respiratory control ratio using glutamate as the substrate (25) . Only mitochondria with respiratory control values >6 were used in these experiments. Isolated heart mitochondria were incubated at 30°C in a medium originally defined for mitochondrial translation experiments (25) containing mitochondria at 4 mg protein/mL in 25 mM MOPS buffer (pH 7.2), 90 mM KCl, 4 mM magnesium sulfate, 5 mM potassium phosphate, 0.4 mM EGTA, 44 mM mannitol, 14 mM sucrose, BSA (1 mg/mL); 2-4 mM ADP or ATP, 20 mM glutamate, and 0.1 mM each of the 20 amino acids. Additions and changes in this standard medium are outlined where appropriate.
Mitochondrial Protein Synthesis
The rate of mitochondrial protein synthesis in isolated rat heart mitochondria was determined as described previously (25) in the presence of increasing concentrations of AZT, AZT-MP, or AZT-TP.
Mitochondrial Compartmentalization of Thymidine and AZT Phosphorylation Reactions and Intermediates Centrifugation Through Silicone Oil
To quantitate labeled thymidine, AZT, and phosphorylated intermediates in the mitochondrial matrix when they are also present in the medium requires the careful and complete separation of mitochondria from the medium. This was accomplished as described previously (26, 27) . Briefly, after an appropriate incubation period in the medium described in "Isolation and Incubation of Rat Heart Mitochondria," a 500-µL sample is layered over 600 µL of cold silicone oil, which is layered over 500 µL of cold 12% trichloroacetic acid (TCA). The mitochondria were rapidly (seconds) centrifuged (Fisher microfuge, 13,000g) through the oil into the TCA. After centrifugation, a measured volume of the solution above the oil (the medium) was removed, adjusted to 5% TCA, and both the medium and the solution below the oil (mitochondrial extract) were neutralized by addition of the resin AG-11A8. The neutralized mitochondrial extracts and the medium were filtered and analyzed by high-pressure liquid chromatography (HPLC) as described in "HPLC Analysis of Thymidine, AZT, and Phosphorylated Nucleotides."
When intact mitochondria were used in the above method described in this section, both the intermembrane space and the matrix space were precipitated into the lower acid fraction. In order to determine the concentrations of deoxynucleotides in the matrix space it was necessary to subtract the deoxynucleotide contribution from the intermembrane space. This was done by assuming that the concentration of deoxynucleotide in the intermembrane space was the same as in the medium, because the outer membrane is freely permeable to nucleotides. In earlier work, the size of the intermembrane space and the matrix space were determined by measuring the uptake of [ 3 H]-water and [ 14 C]-sucrose (not transported to the matrix) for a typical isolated heart mitochondrial preparation (26, 27) . The water space consistently averaged about 3.0 ± 0.2 µL/mg mitochondrial protein, and the sucrose space consistently averaged 2.0 + 0.2 µL, leaving a matrix space of about 1 µL.
Mitochondrial Phosphorylation of Thymidine and AZT: Direct Precipitation
The goal of the work in this section was to quantitate the rate and kinetics at which isolated mitochondria were capable of phosphorylating labeled thymidine or AZT without regard to mitochondrial compartment. This was accomplished by removing a 0.1-mL aliquot of the incubation suspension (described previously) at various time-points and mixing the aliquot with an equal volume of cold 10% TCA. The extract was kept on ice and centrifuged, and a measured volume was removed and neutralized by adding a resin (AG-11A8). The neutralized extract was filtered and analyzed by HPLC as described in the next section.
This method yielded the total of the medium and the acid-soluble matrix nucleoside and nucleotide components. The rate of appearance of the mono-, di-, and triphospho-forms of a labeled precursor can be measured as a function of time or substrate concentration. Although this method does not identify the mitochondrial compartment carrying out the reaction, it requires less sample, is easier to process,
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HPLC Analysis of Thymidine, AZT, and Phosphorylated Nucleotides
-AZT, and their phosphorylated forms from heart mitochondria were extracted, neutralized, and filtered as described in the previous two sections.
The peaks were identified and quantitated from samples by reverse-phase HPLC over an Alltech nucleotide/nucleoside column as described previously (26, 27) connected in-line to a UV monitor (254 nm) and a Radiomatic flow-through scintillation counter. All thymidine, AZT, and adenine nucleotides were separated and identified by this method (see "Results" and Fig. 2 ).
Results
Effect of AZT, AZT-MP, and AZT-TP on Mitochondrial Protein Synthesis
As noted in the Introduction, AZT toxicity is complex and a variety of affects of AZT that occur more rapidly than can be accounted for by mt-DNA depletion have been reported in in vitro studies (3, 15) . Lewis et. al. (6) have reported a 40% decrease in mitochondrial protein synthesis secondary to mitochondrial DNA depletion associated with long-term AZT treatment (6) . This led to our initial experiments aimed at determining whether AZT or its phosphorylated intermediates had direct effects on mitochondrial protein synthesis in isolated intact rat heart mitochondria. The results shown in Fig. 1 demonstrate that AZT and AZT-MP had little effect on translation in isolated heart mitochondria. In contrast, AZT-TP inhibited translation with an IC 50 of 0.72 mM. Levels of AZT-TP have not been reported in the heart, but typical treatment levels in other cells are 5-20 µM (11, 12, 14) . Thus the inhibition of translation would not appear to be relevant to the mitochondrial toxicity of AZT. However, the differential effect of AZT vs AZT-TP in these experiments suggests that isolated mitochondria were not particularly adept at converting AZT to AZT-TP. Consequently, the mechanism of cardiotoxicity of AZT by AZT-TP inhibition of mitochondrial DNA polymerase g needed to be further examined. We therefore began studies to directly investigate the phosphorylation of AZT in isolated heart mitochondria and to compare AZT phosphorylation to that of the naturally occurring substrate thymidine.
Mitochondrial Compartmentalization of Thymidine and AZT Phosphorylation Reactions and Intermediates
Mitochondria were incubated with [ 3 H]-thymidine or [ 3 H]-AZT for 2 h and the mitochondria rapidly separated from the medium over silicone oil as described in "Materials and Methods". Neutralized extracts of the mitochondria and medium were separated by HPLC and the peaks quantitated as described in "Materials and Methods". The results are shown in Fig. 2 . The top panel represents the separation of standard thymidine (left) and AZT (right) nucleosides and nucleotides used to identify the peaks in the medium (middle panel) and mitochondrial extracts (bottom panel). Clearly, [ 3 H]-thymidine is converted by isolated heart mitochondria to labeled TMP, TDP, and TTP (left), whereas labeled AZT is converted only to AZT-MP (right). After correction for volumes, the concentrations of [ 3 H]-thymidine and [ 3 H]-AZT in the mitochondrial extract corre- Fig. 1 . Effect of AZT, AZT-MP, and AZT-TP on mitochondrial protein synthesis in isolated heart mitochondria. Mitochondria were incubated as described in Materials and Methods, except that 0.2 mCi/mL of [
35 S]-methionine at 20 µM was added with varying amounts of AZT (circles), AZT-MP (squares), and AZT-TP (triangles). Aliquots were taken at 20-, 40-, and 60-min incubation and incorporation of label into protein was measured by a filter paper assay as described previously. Each time-course was converted to a best-fit slope with the results presented as a percent of control ± SEM of five experiments.
sponded to their concentrations in the medium, indicating equilibration of both labeled compounds across the inner membrane. However, the concentrations of the phosphorylated thymidine compounds are much higher in the matrix than in the medium, implying that the phosphorylations are matrix reactions. The labeled thymidine data (Fig. 2, left) demonstrate that the heart mitochondrial matrix contains a thymidine kinase (TK2), a TMPK, not previously described in mitochondria, and a diphosphate kinase. The peaks of TMP and TTP in the medium presumably represent the transport of TTP out of the matrix and dephosphorylation to TMP, because experiments with [ 3 H]-TMP (see "Compartmentalization of TMP") suggest that TMP is not readily transported across the inner membrane. In the experiment with labeled AZT (Fig.  2, right) , AZT is a substrate for the mitochondrial matrix TK2, but AZT-MP is not a substrate for TMPK. AZT-MP is absent from the medium, suggesting that AZT-MP is also not transported out of the matrix. AZT-MP may be an accumulating dead-end compound that cannot be further phosphorylated nor transported out of the matrix. The rate of dephosphorylation of AZT-MP by the mitochondrial 5'-nucleotidase is only about 2% of the rate of TMP dephosphorylation (19) .
Time-Course of Thymidine and AZT Phosphorylation in Isolated Heart Mitochondria
To better understand the conversion of thymidine and AZT to their phosphorylated forms, we determined the time-course of mitochondrial phosphorylation. Having demonstrated in the above section that phosphorylation occurs in the matrix, a more simplified approach was used in these experiments in which an aliquot of the total sample was analyzed without separating the mitochondria from the medium. The time-course of phosphorylation was determined by incubating mitochondria with [ 3 H]-thymidine or [ 3 H]-AZT as described above under "Direct Precipitation." Aliquots of the total incubation were removed at various times and prepared as described in Materials and Methods. The results are shown in Fig. 3 
[ 3 H]-TMP + [ 3 H]-TDP + [ 3 H
]-TTP and the rate of thymidine phosphorylation was about four times higher than the phosphorylation rate of AZT to AZT-MP. As noted above (Fig. 2) , no AZT-DP or AZT-TP was detected. These data demonstrate that the rate-limiting step of thymidine phosphorylation in isolated mitochondria is the conversion of 
Compartmentalization of TMP
The results described previously demonstrate that thymidine is phosphorylated in the matrix and suggest that TMP is not transported across the inner mitochondrial membrane. To confirm this point, isolated mitochondria were incubated with 1 µM [ 3 H]-thymidine in the presence and absence of a 10-fold excess of unlabeled TMP in the medium. As shown in Fig. 4 , the addition of unlabeled TMP had no effect on the conversion of labeled TMP to TDP and TTP, clearly demonstrating that the labeled TMP arising from labeled thymidine is sequestered in the matrix, while the unlabeled TMP remains in the medium. Incubation of mitochondria with 1 µM [ 3 H]-TMP in the medium led to a relatively low percent conversion to TDP and TTP. About 6-8% of the labeled TMP was dephosphorylated to labeled thymidine (data not shown); hence, it was possible that TMP was converted to thymidine via 5'-nucleotidase, with the labeled thymidine entering the matrix where it was converted to TMP and on to TDP and TTP. To address this possible scenario, we incubated labeled TMP with a 10-fold excess of unlabeled thymidine. The unlabeled thymidine would significantly reduce the specific radioactivity of thymidine arising from labeled TMP in the medium and would reduce this pathway of labeling. Although a small reduction in the relative amounts of labeled TDP and TTP was observed in Fig. 4 , these data nevertheless suggest the presence of a small amount of TMPK activity outside the matrix. This may represent a slight leakage of matrix enzymes during the incubation period. The addition of 1 µM [ 3 H]-AZT-MP to the medium with isolated mitochondria was quite stable. Neither phosphorylation nor dephosphorylation was detected (data not shown).
Kinetics of Thymidine and AZT Phosphorylation in Isolated Heart Mitochondria
The kinetics of thymidine and AZT phosphorylation were determined by measuring the rate of total phosphorylation at increasing concentrations of the Rather, the results suggest negative cooperativity of thymidine interaction, which has been observed by others studying purified and cloned TK2 (23, 28) . These data can be approximated with two straight lines with slopes corresponding to K m1 = 0.25 µM and K m2 = 2.6 µM. (Inset) The results are plotted as a Hill plot in which log [V/(V max -V)] = n log S -log K and is used to detect cooperativity in multisubunit enzyme systems. The negative cooperativity is further supported by a Hill plot slope of <1.
for both thymidine and AZT can be discerned, a K m1 of 0.25 µM for thymidine and 0.41 µM for AZT, and K m2 values of 2.6 µM for thymidine and 8.8 µM for AZT. Qualitatively, the complex kinetics determined here for isolated heart mitochondria are quite similar to those determined for purified and cloned TK2 (23, 28) , demonstrating that the kinetics in isolated mitochondria reflect TK2 activity. The apparent negative cooperativity is subject to some debate because it has not been clearly shown that TK2 is an oligomer. However, it has been demonstrated that closely related deoxynucleoside kinases are homodimers and this seems likely for TK2 (28) . If TK2 is a monomer, then these data would require further investigation.
Inhibition of [ 3 H]-Thymidine Phosphorylation by AZT
Recognizing that the mitochondrial phosphorylation pathway is likely to represent the only mechanism of thymidine phosphorylation in myocytes, and recognizing that AZT and AZT-MP are substrates for these enzymes, it seemed likely that these analogs would inhibit thymidine phosphorylation. The effect of AZT on the conversion of [ 3 H]-thymidine to [ 3 H]-TTP in isolated heart mitochondria is shown in Fig. 7 . The results clearly demonstrate that the presence of AZT potently inhibited the phosphorylation of thymidine at the TMP step with an IC 50 of 7.0 ± 0.9 µM. Thymidine had no effect on the conversion of AZT to AZT-MP (data not shown). Earlier data demonstrated that AZT is slowly converted to AZT-MP, with AZT-MP levels rising with time of incubation (Fig. 3, right) . Thus, inhibition of thymidine phosphorylation could be caused by AZT, AZT-MP, or both. However, if AZT-MP were solely responsible for inhibiting thymidine phosphorylation, then inhibition would be greater in the second hour than in the first hour. The observed results show that the percent inhibition in the first hour was about the same as that observed in the second hour of incubation (Fig. 7, top) . Further, preincubation of mitochondria with AZT for 30 min to allow for the synthesis of AZT-MP prior to addition of [ 3 H]-thymidine did not alter the observed amount of inhibition (data not shown). Thus, inhibition of thymidine phosphorylation correlated more closely with AZT than with AZT-MP, suggesting that AZT itself is the toxic compound. Fig. 5 , suggesting a negative cooperativity of AZT interaction, which has also been observed by others studying purified and cloned TK2 (23, 28) . These data can be approximated with two straight lines with slopes corresponding to K m1 = 0.41 µM, and K m2 = 8.8 µM. (Inset) The results are plotted as in Fig. 5 and the negative cooperativity is further supported by a Hill plot slope of <1.
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Discussion
We have demonstrated that isolated heart mitochondria are capable of transporting thymidine into the matrix and phosphorylating it to its TTP form. This implies that normal heart mitochondria express TK2, a TMPK (not characterized), and an NDPK. Although the synthesized TTP and probably TDP can be transported out of the matrix, the TMP intermediate does not appear to cross the inner membrane. This decreases the potential role of cytosolic TMPK in TTP phosphorylation and suggests that all TTP in the myocyte is manufactured by the mitochondrial pathway. Under these same conditions, isolated heart mitochondria synthesized only AZT-MP from AZT and did not allow the transport of AZT-MP out of the matrix. Because cytosolic TK1 is not expressed in myocytes, these data suggest that myocytes would be unable to synthesize AZT beyond the monophosphate. This has recently been confirmed in studies with [ 3 H]-AZT in the perfused rat heart in which the presence of labeled AZT and AZT-MP only could be detected in the heart after 2 h of perfusion with [ 3 H]-AZT (McKee, E.E., Bentley, A.T., and Susan-Resiga, D., personal observations). These results suggest that the toxicity of AZT in the normal adult rat heart is not mediated by AZT-TP inhibition of DNA polymerase g as originally proposed (7) (8) (9) . Other investigators have suggested that AZT-MP is more likely to be the toxic compound because the cellular levels of AZT-MP are typically much higher than the levels of AZT-TP (12) . In a series of five cell lines, Sales et al. (11) reported that cytotoxicity of AZT correlated with AZT-MP levels but not AZT-TP levels. AZT-MP has also been reported to inhibit the exonuclease activity of DNA polymerase g, with an IC 50 of 2-3 mM (8), which is about 350 times higher than the IC 50 reported for AZT inhibition of thymidine phosphorylation. Using the V max of 20 pmol/mg/h for AZT-MP synthesis from Fig. 6 , the maximal level of AZT-MP expected in our 2-h experiment is 40 pmol/mg mitochondrial protein. If AZT-MP is entirely contained in the approx 1 µL/mg protein water space of the matrix, its concentration would be approx 0.04 mM, well below levels that would inhibit DNA polymerase g. However, our data indicate that AZT-MP is not transported from the matrix and not further phosphorylated. Its only route of removal is via mitochondrial 5'-nucleotidase, in which the relative rate of AZT-MP dephosphorylation is reported to be only 2% of TMP (19) . Thus, AZT-MP levels in the matrix are likely to rise substantially on long-term treatment with AZT and could reach levels consistent with inhibition of DNA polymerase g, which could contribute to the toxic nature of AZT. Levels of AZT-MP in the millimolar range have been reported for mitotic cells (11-13). The major question that emerges from studies correlating AZT-MP levels with AZT cytotoxicity is the cellular compartmentalization of the AZT-MP. In the five cell lines studied by Sales et. al. (11) , it was demonstrated that the different levels of AZT-MP in each cell line was a function of cytosolic TK1 activity rather than mitochondrial TK2. Thus, most AZT-MP in these cell lines is formed in the cytosol. The present study shows that in adult heart, AZT-MP is not transported across the inner membrane. Transport of AZT-MP was not addressed in the study of Sales et. al. (11) and it is unknown if mitotic cells that express TK1 also express a mitochondrial transporter that is not present in adult heart. If a carrier is not present, then the cytotoxicity of AZT-MP must be mediated from the outside of the inner membrane. Alternatively, as noted by Sales et. al. (11) , it is possible that the correlation of AZT toxicity with AZT-MP levels in these mitotic cells lines is coincidental. Perhaps the cell line with the highest TK1 activity, and thus the highest level of AZT-MP, is more sensitive to AZT for other reasons. Additional work is required to differentiate among these possibilities.
As an alternative to the AZT-MP-mediated toxicity (discussed above) and the DNA polymerase g hypothesis, we demonstrate in this paper that AZT itself is a potent inhibitor of thymidine phosphorylation in isolated heart mitochondria. Because the heart does not express TK1, and TMP is not transported across the inner membrane, mitochondrial synthesis of TTP is the only route available to the cell. We have recently confirmed this point by demonstrating that AZT also inhibits thymidine phosphorylation in the intact perfused rat heart (McKee, E.E., Bentley, A., and Susan-Resiga, D., personal observations) and is thus observed in the presence of all cellular enzymes. The importance of a balanced deoxynucleotide pool in mitochondrial replication has recently been strongly supported by three inherited enzyme deficiencies in the deoxynucleoside anabolic and catabolic pathways. Individuals with mutations in TK2 have a severe myopathy associated with marked mitochondrial DNA depletion (24, 29) . Mutations in the mitochondrial dGK are associated with marked hepatocerebral mitochondrial DNA depletion (30) . Lastly, mitochondrial neurogastrointestinal encephalomyopathy (MNGIE) is caused by loss-of-function mutations in the gene encoding thymidine phosphorylase (TP), leading to an overabundance of thymidine and mitochondrial DNA deletions as well as depletion (31) .
The results obtained here are valid only for the normal adult rat heart. Other tissues may express different levels of phosphorylation enzymes and/or potentially different mitochondrial inner membrane transporters. These results would be most relevant to other nonmitotic tissues, because they are unlikely to express cytosolic TK1. It is also possible that in long-term AZT treatment, tissues such as the heart may respond to the toxicity by altering the expression of salvage enzymes and inducing expression of enzymes not found in the normal adult rat heart. This could substantially alter the results presented here and indicates that these experiments should be repeated on heart mitochondria from rats undergoing longterm treatment and displaying cardiotoxicity.
Many of the deoxynucleoside analogs used in HAART, including AZT, stavudine (d4T), lamivudine (ddC), and didanosine (ddI), are associated with mitochondrial DNA depletion and their triphosphates have been shown to varying degrees to inhibit DNA polymerase g (8, 9, 10) . Each of these compounds displays a significant tissue preference with regard to toxicity (1). In the pre-HAART period, when these compounds were used at higher concentrations by themselves, AZT was most often associated with cardiac and skeletal myopathies, didanosine with peripheral neuropathies, and stavudine with lipodystrophy (1,2). Because the mitochondrial DNA polymerase is the same in all cells, the tissue preference implies a tissue-specific pattern of phosphorylation and/or inner membrane transport such that the matrix levels of the triphosphates of each compound vary according to tissue. For example, didanosine might be expected to have the highest concentration of ddI triphosphate in peripheral neural tissue, whereas d4T might be expected to have the highest concentration of d4-TP in peripheral adipocytes. Alternatively, some of these compounds may act like AZT and inhibit the phosphorylation of their related endogenous deoxynucleosides in a tissue-specific pattern. Although some of the toxicities noted above have become relatively rare as a result of HAART, clarification of these points is crucial, because identifying the target of toxicity is critical in directing development of new drugs. Toward this goal, the present work brings a novel contribution to the understanding of the potential primary target of AZT toxicity. 
